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Described i s M approach to the functional architecnur of a
telerobot so that auionomy, tekopmicr; md shnrcd control can
all be supported. n e system i s hierard~ically qaruzd where
task decomposition, world modeling, and sensory processing arc
explicitly represented. Goals Y each level of the hivarchy arc
decomposed spatially and temporally into simpler tasks which
become goals for lower levels. The spatial decompsition facili-
tates control and coordination of multi-arm mbots. A &scription
of the lowest level, the Servo Level, is presented, along with the
operator control lnterfacc at that level.
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t Introduct ion

A funceional rachittcnac for teinobot control systems is
described by Albus, e t al., in [I].W h i l e otha Itccnt robot con-
trol system descriptions [2.3] have dealt primarily with hardware
and operating system structures, the architecrurr described in [I]
emphasizes a modular pfovare struc~nfor all levels of control
in an autonomous agent In addition, the control system design
i n c o r p o r a t e s telwperation a several levels of conwool.

The ~elerobotarchitcam consists of four control levels, T&
Elemental -Move, Rimitive and Servo. anangcd h i a a c h i d y as

chy and is directly responsible for computing the control outputs
to the acc~uamrs. T h e basic s u u c ~ nof the Servo h e 1 for a
device. e.g. a manipulator or arriculatcd eodcffector, is shown in
Figun 1. The device cootrol level is compostd of thrte main com-
ponents. Sensory h s s i n g (SP), World Modcling (Whf), and
Task Decomposition 0).Generally, then is a Servo Level l i k e
this for each controlled device of tbe telerobot r1.5). To simplify
the discussion, the term tlwb will refer in the fokwiog only
to a panhulator of the telwbot

described in [l].The S ~ V OLevel is a the bo-of the him-
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The Sensory Recessing component of the control system i s
responsible for mding system sensors, and then filtering and
integrating t h i s ioformation ova space and rime. Tbc Task
Decomposition component computes the quidcontrol outputs.
World Modeling obtains new informtion about the environment
from Sensory Rocessing and provides the latest estimates to
Task Decomposition. One of the primary activities of World Mod-
eling is to maintain the global data system in which i s stored the

system's best estimate of the state of the world.

I t i s desired that a human operator be interfaced to the Servo
Level of the telerobo~T h i s interface should allow thrtc principal
control modes, oy~onomousconnol, teleoperarion, and shared con-
pol. Avronomow corn01 refers to opaation without human inter-
vention at t h e S m o Level. In this mode, the Servo Level of the
tclerobot receives commands only from the Primitive Level of the
control hierarchy. Teleoperm'on nfm to control of the telcrobot
directly by the operator, as in bilateral master -slave conwol. T h e
third mode, shared conaol, is a combination of the purely
autmomous and dtopcrated d e s . In this mode, the control of
the oclcrobot is detumincd from a combination of Rimitivc and
opclator inputs.

The purpose of t h i s paper is to describe in detail tfie inter-
faces and functional Itquirements for echieving these thnc con-
trolmodes of a manipulator at the Servo Level. T h e control m c -
tun for the releopernrion device, i.e. joystick or w t e r am, con-
troller i s discussed in Section 2. Section 3 describes some
d e t a i l s of the tclerobot control strum. 'Ihe interfaces to the
telerobt Servo Level 81c examined in detail in Sections 4 and 5.
Finally, Section 6 describes the functionality of the telcrobot S a -
vo Level in achieving the thnt control modes.

2. Teleowration Device Architeciure

In the gencral case. a tcleopcration device may be actively
controlled. This is usually done to provide what has come to be
called force fecdback to the aperator. Although force may not be
tbe feedback variable, the idea is that active control of the tcleop-
aation device basal on the state of rhc tctcrobot can provide the
aperaror with mon infomuion on the progress of the telcmanipu -
lation fa&. Many devices, such as simple joysticks, m t not
actively ammllcd .ad provide no feedback to the operator.

specially designed to provide operator feedback. Such devices
require activecontrol.nus, the g d architecture far a teltop-
aation &via i s the same as that of a control system as
describtd in 111. This type ofarchimisdcpicred in Figure 1.

With this controlm.Sensory Pmxssing routines rtad
the device sensors and Task Decomposition computes tfie control
outpu~to the device. (If the device is not actively controlled, Le.
no force feedback. tben the Task Decompodtion m o d u l e i s obvi-
ously a "null" module.) World Modeling vpdatcs the data system
as to tbe currmt sauc o f t h e tcleopcmtion device b e d on data
cotbned by sensory Rocessig. Daur in the global data system
is available to dl mcxlules u dl b e l s of the control system.
Thus, tbe data system provides a communication mcchani~mfor
widely reparatcd components of the control system that does not
intafac with the systcm'sdmodularity. In pardcular, th is
mechanism SQVes to amnM tbe Savo h e 1 of the telerobot
with the teleaperadon device conad level.

Figm 2 depicts the intaaction between the telerobot Servo
Leve l and the tcleoperadoo device conaol system. As shown in
the figurc, the teleoperation device control system updares the
global data system as to the c m n t state of the teleopcration
device. This may include the rtleopcration device's position,
vclociry and sensed forces. When in teleopuation mode i t is

Devices l i k e JPL's Forcc -Rdctiag Hand Controlla [4,6]



Telmbot-to-Teleopcrator Data

Teleopcrator -to-Telerobot Data

SP WM

I

TD
Teltoptrator -

.cc -to-Telerobot Data

v

TelcrObot -to-
Global

System
Teleoperator

..............................

:
c.

W Telex&ot
sensors

Telerobot
Control

............................. .l.J ...............................

Teleopemtion Device............................................................
I

Device
Sensors

Figure 2. Teleopaation DevicJTelerobot Logical Archiwture.

dcs ind that B e tclerobot track B e teleapcration device state.
Thus, the telerobt World Modeling module will obtain the state
of the telmperation device from the global data system and pro-
vide t h i s infoxmation IO Task Decomposition. where it is used in
computing the control outputs for the manipulator. Likewise, the
state of the telcrobot can be obtained from the data system by the
teltoperation device World Modeling module and ustd to compute
tbe f a r feedback to the tclwpcrator.

& Telerobot Servo Level Architecture

As with the ulcopcration device. rhe tclaobot Scrvo Level

tional s a u c t u ~ ~can be described within the Sensory Pnxrssing,
World Modeling, and Task Decomposition oomponents. To l imit
the discussion, the following will emphasize the element of Task
Decomposition involved in allowing both tJeopaation and mton-
m y . tbe Job Assig~mcntmodule.

Figure 3 shows the gross ~tructrrnof h e tclmbot Servo Lev-
el Task Decomposition module. "tme llrt thra modules. Tbc
Exwtibn module directly computes the m~tarammad for the
manipulator. To do this, it receives periodic lmac~points for
the manipulator h the Planning module md model-based
tams, (Le. Jlcobiaas, inertias,etc..) from Worfd Hodcling. T h i s
isdescnbtd. in &tail in [SI. Tbe Planniug module fads the
periodic data points to tbe Excution module, pdorming ~ o m e
simple intapolation m the data i t rtceives from Job hipwent if
necessary. ?he Job hsignmcnt module receives tbe commands
from Primitive md the dwperator, aad provides a coadinated
output command to the Planning module.

The primitive Level of the amtml hierarchy is rsponsible for
generating the timc sequena of Servo Lcvel annmmds needed to
produce a dynamic aajectory. Each command to Servo is basical -
ly one point of a positidforce trajectory. By oending a sequence
of such points Rimit ive can move the manipul;uor dong a desired
path The Smo Level servos to each goal point using an dgo-
rithm spccificd by Rimitive.

The data contained in B e Job Assignment module i n t u f a a s
are shown in the figure. Tbe RimitivdScrvo interface amta ins
data passed between the Execunon module a! Rimtive md the
Job Assignment module a! the Scrvo Level. Thc apaator conml
interface contains the eltoperator-to-rclerobol data as depicted
in h g u r e 2. Detailed explanations of the data arc given below.

has the general StrUctllTe described in S&on 1. Howevcr, ddi-
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4. FrimitivelServo Interface

" be parameter C, i s a coordinate system specifier. C, indi-

cates the coordinate system in which the position and force com-
mand vectors arc expressed T h i s i s the servo coordinate 0 5 -

tern. The choices for Cz include j o i n t coordinates, (Carttsian)

wodd coordinatcf (canesian) endcffector COoTdinatcs.

n e zd, id, 'id, ?id, specify the desired position,

velocity. rccclmtion and jerk for the manipulator each control
cycle. The vector fd specifks the cksirod forces for the manipula -

Figure 3. Interfaces to Telmbot Servo Level.



The gain trims (K's) arc the gain coeffkients which multiply
the error vectors in ihe conml equations. T h e K ' s determine the
impedance of the manipulator (51. The ppmctm S and S' arc
selection matrices used to select the coordinate axes to be force
controlled and position conoOllcd [SI.

The final element of the Servo conrmand input is the
"Servo-algorithm" selector. This parameter indicates what dgo-
rithm is to be used for approaching thc amactor set during subse-
quent control cycles. Thc "Status" parameter i a d i c a t e s the status
of the Servo Level mml and is passed back 0 Rimitive from
the lob Assignment module.

5. Owretor Control Interface

The coordinate system spcclfication from the opcrator, C,,
indicates the coordinates in which the opaator commands arc to
be interpreted. The possible values of Co take the same form as

The servo gains (K's) and seltction manices (S,S') me input
from the opaator interface when the commaod to Servo is taken
from the operator. These parameters are of exactly the same form
as the camsponding parameters in the Rimitivc to Savo inm-
face. During shard control, the Job Assignment module must
chose one set of these parameters based on the Op-algorithm.

The overall control of the Scrvo Level i s achieved by the
parameter Op-algorithm. The Op-algorithm panmeter selects
k i w a n the autonomous, tcleopcration, and shared conaol
modes. The parameter Op-status is ~ o g o u sto the status
returned to Rimi t i ve by the Job Assignment module. Tbe
Op-~tamsinforms the operator control of the c m n t sums of the
S m o Level.

The Job Assignment module receives from World Modeling
the command data from t h e operator's input device. These vec-
tors give the desired position, velocity, aczelcration, and force for
the manipulator when the Servo Level i s in tclmpaation mode.
Note that these vectors arc with respect to the m r d i n a t e s
selected by Co for pure tel6opcration, and with respect to the

coordinates selected by C, for rharedcontrol. Thus, World Mod-

eling may have to make the transfommion from Co to C,.

To clarify the waning of this general interface i t i s helpful to
examine a sptc i f ic example. For the purpose of discussion con-
sider tcltopcration devices as divided into two classes. The first

class consists of devices which arc kinematicaIly similar to the
telembot or athenvise provide state information in the joint -
space of the telerobot These arc the him-spuce teleoperm'on
devices. They include identical master-slave arm configurations

j o i n t coordinates as well, albeit less conveniently. The second
class of devices consists of all devices providing data in ccmdi -
nate systems linked to some Csnesian ka tne of reference. These
devices arc the Conc~ianekoperotion devices, which include
JF'L's Force-Refletting Hand Cbnmller and Canesian joysticks
such as D m ' s sensor ball device [7]. Tables 1 and 2 give
the information in the data paths of Figure 2 as rcquircd for Cane-
riaa rclmpcration devices puforming pure telcoperation.

Table 1 sbows the infomation in the tcl6operator -to-tele-

m b o t data path for Canesian tleopcration. T b e inputs to. zo

m d the Socalled mini-maSter devices. Joysticks Can operate in

.nd fo 9dcrid from tbc Of the joystick a hand-
ammlla part of the tcleapaation input The nmaining paraw -
ten of the interface arc obtained from the optrator either through
switches orIterminal.

The umber of dataitemsthat need to be passed for each ele-
ment of the invrfrrce is also given in the table. Each item i s a 32-
bit data word, usually in floaring point format For example, the
canesian velocity vtctors in thc inrpfacc have the form

w b m x, y. md t give the positioa with respect to the origin of
the amml cOadinatcs md the Orierrcation is given by a rotation

(+abut theunit veMrn in the samearardiaate systcm.

The parpmeter C& specifies tbe coordinate system in which

the control is to k executed. The gencral form of Co i s ( coord.

sys., T,, Te ). Here, "mrd.sys." is one data word and indi-

cates the A d o n of "world" or "d-effcctor " axn-dinates.
World coordinates mean that the command vectors give the p o s i -
tion of the endcffector with respect to a amdinate system fixed
at the manipulator base. End-tffecwr coordituzres mean that the



Table 1. Cartesian Teleoperator -to-TelerobotData.

Data yamre of D a t a .&u.wx
20

20

f0

Op-algorithm Control d e from operator- Coordinate system specifier 25CO
K&J$

KP
f
'Q, : Control gains for telnobot

End effector positions from device 7

End effector velocities from device 6

End effector forces from device 6

1

36

s, S' Control selection m a u i c c s 36

Table 2. Cartesian Tclembot -to-Teleopcmor Data.
I 1

w Patux of Data fl items
z Telerobot end effector positions 7
i Telcrobot end effector velocities 6
f Telerobot end effector forces 6
sratus Starus of telerobot conml 1

Telerobot joint positions

operator sees the telcopcration device movements interpreted
with respect to a coordinate system fixed at the end4Tector.
Obviously, the Cancsian position vaors art not used when in
end-cfiectorcoordinates. The &ormations Tw and T, allow

the operator to position the coordinate f m w s fixed ~1 the base
and at the endcffector arbitrarily. as depicted in Figurt 4. Each
transformation is a rotation manix and a uanslation vcctor. requir -

move in any desired Cartesian system, (and wen Cylindrical or
other coordinates an possible.) Any scaling cm indexing of the
teleopaation commands performed for the convenience of the
o p t o r should be handled in the World Modeling module of the
.telcopcration device. Thus, the teltopemion commands arc
rrady tD be used in the control when they mter the global data
system.

ing twelve data words. Thus, the co palamem lets the aperator

T h e conml gain marriccs an six-by-six diagonal matr ices
and thus require six data itemspcr matrix. The use of these six
gain terms is described in [SI. The selection a m i c e s take the
most general form as task spsification matrices in [9]. Each
maaix may bave up to eighteen non-zcm elements.

4

Figure 4. Cartesian Cootd inate System Relationships.

The information returned to the teleoperation device controller
along the telerobt -to-teleoperator data path i s given in Table 2.
The telembot controller r e t u r n s a Status word and the state vec-
tors r, & and f. These Canesian vectors give the current state of
the telerobot in coordinates co. The vector f represents World

Modeling's "best guess" of the forces in the these coordinates.
T h i s information may represent e fusion from a number of Sensors
including wr is t f o d q u e sensors, joint torque sensors, and
tactile force sensa.

One imponan t consideration regarding Cartesian tcltopera-
tion is the handling of singularities. When the servo algorithm
uses Canesian inputs, morion along a nearly singular dircction
can produce e large joint space output. During autonomous oper-
ation i t i s the Primitive Level's job to insure rhar input commands
do not e x e r c i ~a singularity. T h i s same criterion applies to the
inputs from a Cartesian t e l w p t i o n device - the inputs to Ser-
vo should not ask far motions along singular directions.

Note that t h i s docs not mean that the telwpator can not
move the tefaobot into a singular region. However, in a singular
region. tbe opuator's command input should be restricted to
xmvement which d o t s not exercise the singularity. T h i s means
that themian input is scaled according to the manipulabiiity

degrees of M o m . For a Canesian teleopcration device with
force feedback this m e a n s that the manipulability ellipsoid [lo]
should be reflected back to the aperator such that t h e operator
m u e s the mechanism's singular regions. In order for the tcleop
cration device to specify the amm inputs i f must have a local
model of the telerobot The c o r r ~inputs can be determined by
using the fcdback pin t positions 0 of the telerobot and the local
tclcrobot model. -

The data a s required to support telwpcration using the
example intrrface is k g e . ' h e s m a h s t reasonable subset of
this interface would be (zo. Op-algorithm, z, Status). If this data

Kbaud would be rcquind. For the general tcleopcrarion w e ,
114 32-bit wonis passed in I O ms., a serial data rate of approxi -
mately 0.5 Mbaud would be required. Note that all values need
not be passed every cycle. Far instance, the K's, S's,
Op-dgorithm. and Co paramucrs will only change occasionally,

and thus UUI be passed less frequently than the other data. For
t h i s le&soKl, thesc ppamtcrs can appear as optional parameters
.t the end of tbe communication buffer. They would only be m s -

fas may beneeded for the teleopantion interface.

meaSUrr, Md, B1 the pobt Of Sh@arity, d U & to the I C h I l h g

WBS to bC C X C b g b d eVq 20 mS., 8 serial rate Of at 1- 25.6

farad wbcn tbe Change. Still. 32-bit parallel data m s -

a Aut-d- rated. 8nd Shard Cont rd Modes
I t is the task of the Job Assignment module to detumine

whether Servo will execute h m tbc ulfo~lumouscommands
(Primitive). or &om OpaaDOr given through sow input
device such ISIjoystick or master am. In addition, the Job
Assignment module must be able to coordinate opaatar and
Primitive commands for s h e dcontroloperetion.

The Job Assignment module, upon receiving a new command,

desired control mode selected by the apcratar. The control mode
could be autonomous, teleoperated,or s h a d control.

For autmomous control mode, the Job Assignment module
takes the input scrictly from the Rimitive/Scrvo interface. No
conuol data i s obtained from the operator. "bus, as stated previ -
ously, the control algorithm i s given by Servo-algorithm. Also, in
the autonomous modc, no data i s obtained from world modeling to

first examines the Op-algorithm. T h i s parameter ind ica tes the



modify the Pnmitive command vectors. Operation in this m o d e i s
described in 151.

The Job Assignment module takes the Op-algorithm as the
control algorithm in the teleoperated control mode. In t h i s mode,
connol data comes from the operator concrol interface as depicted
in Figure 3. For Canesian teleoperation, using the data of Tables
1and 2, a control of the form

u~~~~ = itte) IK ~ ( z ~ -Z! +K,,C io- Z) 1

could be computed in thc telerobot Servo Level Execution mod-

ule. (The J'(8) mamx is the manipulator Jacobian; sce 181.) At
the same time a force feedback conuol could be computed for the
tcleoperarion device by the teleoperation device Execution mod-
ule. The technique given in [4] for the Force-Reflecting Hand
Controller is

Udevice = Kfm JL(e,)( Kp,Dbnd(z - fn) -%&,+ f 1,

where i s the position of telmperation device i n Co, and the

function Dbnd! ) is a deadband function which eliminates corrcc-
tions for position errors of small magnitude. The six-bmensional
enur term (z - fn) can be computed from the seven-dimensional

position form [9].

A number of different controls are possible for the teleopem-
tion mode as described in [SI, includmg unilateral master -slave
control, unilateral joystick control, and generalized bilateral con-
trol [4,6].

The Op-algorithm could also indicatc that some kind of shared
control i s to be executed. Alrhough the term "shared control " has
begun to appear frequently in the literature, i t i s defined here in
terms of the structure of th is control system. Shared control
occurs at the Servo Level when both the Primitive command and
&e operator contribute to the final control output from the Job
Assignment module. For example. suppox t h e operator desires
thar the telerobot's position be fixed in the x- and y-directions of
a world coordinate system, while the operator moves the manipu-
lator along the z-axis. T h i s would not required "shared" control
since the teleoperation device controller need only fix the x and y
values of zo of the telcoperator -to-tele-robot input to achieve

this. Although the telerobot S m o k v e l i s handling pan of the
control, i t i s not doing any more than i s rquired for generalized
bilateral control anyway. T h i s differs somewhat h m the descrip-
tion of shared control, termed "interactive manual-automatic con-
ml", in [6].

An example of shared control i s when the manipulator i s com-
manded by Rimitive to pack an object or follow a predefined tra-
jectory and the operator is allowed to modify the trajectory at t h e
Scrvo kve l . Such a system i s described in 171. In this mode, the
m t r o l algorithm would be determined from both Op-algorithm
and Servo-algorithm. The servo gains and selection m a m c c s will
k chosen from one of the two interfaces. Also, the final attractor
set for the manipulator would be a combination of the amctors
specified by World Modeling (from the operator) and Primitive. In
t h i s mode, the operator command vectors can represent a-mhfica -
tions to be made to the autonomous command vectors coming
from Pnmitive. For example, in a rate control mode, the final rate
is for the manipulator could be computed as

Another type of shared control be achieved by choosing ele -
ments from both Pnmitive and the operator to create a neu attrac -
tor set. For instance, in a hybrid positiodforce control scheme,
the commands computed by Primitive could be used for the force-
controlled subspace, and t h e positioncontrolled subspace could
be given by the operator's input.

7. Conclusion

The arch i tem presented in [I]provides a complete, &u-
lar structure for an advanced teierobot control system. ' I h i s Same
smcture is applicable to other major systems to be used with the
tclerobot. One example i s the control/sensor system of the tele -
operation device(s), as described in th is paper. Given these
generic control suuctures i t i s possible to define interfaces that
allow autonomous, tcleoperated, and shared conaol modes all in
the same system. T h i s documenr has presented, as an example,
a basic teleoperation interface for use with Canesian tcleopera -
tion devices. Such interfaces support numerous algorithms for
tclerobot control.
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2 = z + Z0's d

by the Job Assignment module. Here, io i s a rrtcdification of the

Primitive rate command by the operator.




